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Abstract
Several categories of torsional eye movements obey Listing’s law; however, systematic deviations from this law occur during
vergence. Two kinematic models attempt to incorporate these deviations, both of which are supported by experimental evidence;
however, they lead to different torsion predictions. These discrepancies have been explained in terms of experimental procedures,
but it now seems likely from several recent studies that individual differences in torsion patterns may also be important. This study
therefore examines the variation of torsion during a smooth asymmetric vergence task in which a fixation target was moved along
the line-of-sight of the right eye at 15° elevation; each of five subjects observed five trials of both inward and outward target
motion, repeated in two sessions several weeks apart. There were no significant group differences in left or right eye torsion
between trials or sessions, suggesting that monocular torsion patterns were relatively stable over time. When examined more
closely, however, the torsion patterns shown by some individuals did vary for inward versus outward target motion. Hence,
monocular torsion was idiosyncratic and depended on the direction in which fixation was changing (convergence or divergence).
In a binocular analysis, cycloversion varied dramatically between subjects and depended on the direction of target motion;
however, this was not the case for cyclovergence. In summary, cyclovergence is relatively stable and depends on where the eyes
are looking, whereas cycloversion (and hence monocular torsion) is relatively unstable and depends on how they came to be in
that particular horizontal and vertical orientation. These findings help to explain the controversy surrounding the torsional
behaviour of the human eye during vergence. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Listing’s law was summarised by Bruno & Van den
Berg (1997) roughly as follows: from any starting posi-
tion, the human eye assumes only those positions that
can be reached by rotations about axes that lie in a
single plane. This plane is called the displacement plane
(or the velocity plane), and the direction of fixation in
the starting position is called the reference fixation
direction. The different planes associated with different
starting positions do not coincide. However, there is
one particular displacement plane for which the refer-
ence fixation direction is orthogonally directed; this
plane is called Listing’s plane, and the associated start-
ing position is called the primary position of the eye.
The torsional state of the eye can be predicted from its
horizontal and vertical orientation relative to the pri-
mary position.1
Listing’s law holds during voluntary fixations on
distant targets (Ferman, Collewijn & Van den Berg,
1987a) and is roughly valid during smooth pursuit
movements (Tweed, Fetter, Andreadaki, Koening &
Dichgans, 1992); it is also maintained during saccades
as shown by Ferman, Collewijn & Van den Berg
(1987b) and Tweed & Vilis (1990). However, the (phys-
iologically defined) primary position does not have a
fixed orientation in the head, but can be modified by
1 This physiological definition of a dynamic primary position is
used throughout this paper; the more usual anatomical definition
specifies a static primary position such that the corresponding pri-
mary direction is ‘straight ahead’, orthogonal to the frontal plane of
the face. Until recently (Bruno & Van den Berg, 1997) the physiolog-
ical primary position was taken to coincide with its anatomical
counterpart, at least during binocular fixations at optical infinity.* Corresponding author. E-mail: ivinsj@cs.curtin.edu.au.
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(saccadic) vergence as shown by Mok, Ro, Cadera,
Crawford & Vilis (1992) and Van Rijn & Van den Berg
(1993). Listing’s plane (and hence the primary position)
rotates about a vertical axis in proportion to horizontal
vergence; the effect of this rotation is to produce tor-
sion, the direction of which depends on eye elevation.
With increasing vergence (convergence) the eyes intort
at upward elevations and extort at downward eleva-
tions; the opposite occurs with decreasing vergence
(divergence).2
The next two subsections briefly review some impor-
tant studies of torsional deviations from Listing’s law
during saccadic vergence and also during fixations on
immobile targets.
1.1. Saccadic 6ergence-dependent torsion
Two recent mathematical models of binocular eye
movements attempt to predict the torsional deviations
from Listing’s law which arise during vergence. Both
models predict that a new primary position is neurally
defined for each eye by the act of vergence—the two
Listing’s planes rotate laterally (swing outwards) about
vertical axes in proportion to the horizontal conver-
gence, with corresponding changes in torsion at non-
zero elevations; however, the models disagree as to the
magnitude of this effect.
Van Rijn & Van den Berg (1993) specified eye posi-
tions in terms of version and vergence defined respec-
tively as the average and difference of the rotation
vectors describing the movements of the two eyes. In
this model, the version component obeys Listing’s law
regardless of the fixation distance; however, the ver-
gence component includes cyclovergence in proportion
to elevation and horizontal vergence. Minken, Gielen &
Van Gisbergen (1995) proposed a related model using
different definitions of version and vergence, based on
data from Mok, Ro, Cadera, Crawford & Vilis (1992).
When vergence changes by 6 radians the torsion of
each eye changes by ke6:2 radians, where e is the
elevation angle in radians; k1 according to the first
model, and k1:2 according to the second model.
There is some controversy as to which model is the
most accurate, since both are supported by experimen-
tal evidence (Mok, Ro, Cadera, Crawford & Vilis,
1992; Van Rijn & Van den Berg, 1993). Furthermore,
the two sets of torsion measurements cannot be com-
pared directly unless the primary positions of the two
eyes are assumed to coincide at optical infinity, in
which case the measurements do not agree.
In a third experiment, Minken & Van Gisbergen
(1994) found torsion intermediate between that found
in the previous two studies, and attributed the dis-
crepancies to the different experimental procedures.
However, the apparent conflict may be at least partly
resolved by recent observations from Bruno & Van den
Berg (1997) which challenge the basic assumption that
the displacement planes (and hence primary positions)
of the two eyes correspond when viewing distant
targets. This is important because an orientation differ-
ence between the displacement planes of eyes with
parallel lines-of-sight cannot be predicted by either of
the models of vergence-dependent torsion—both mod-
els link cyclovergence (rotation of the displacement
planes in opposite directions) to horizontal vergence.
Bruno & Van den Berg (1997) measured the relative
orientations of the two displacement planes in six sub-
jects during fixations on immobile targets 4 m away.
Eye orientation was idiosyncratic—some subjects
showed a lateral difference of up to about 7.5° even
though horizontal convergence was negligible, whereas
in other subjects the displacement planes were nearly
aligned. These bi-modal results match both (conflicting)
sets of vergence-dependent torsion measurements from
the original experiments. This finding suggests that the
variation in alignment of the (physiological) primary
position can be large between subjects, although it is
stable for each individual. Different subjects should
therefore show different patterns of torsion under iden-
tical viewing conditions, and these patterns should be
relatively stable and hence repeatable over time.
1.2. Torsion during fixation on immobile targets
The variability of horizontal and vertical eye orienta-
tion during fixation on an immobile target is typically
no more than a few min of arc; however, the corre-
sponding torsional variation is considerably greater, at
least when considered monocularly. For example, En-
right (1986) made monocular video recordings which
revealed that horizontal saccades sometimes led to sys-
tematic differences in torsion as large as 90.5° when
fixating the same target. These reproducible after-ef-
fects decayed over several seconds, but in some subjects
were associated with residual steady-state torsional dif-
ferences which depended not only on the current view-
ing direction, but also on the direction in which the
eyes were previously aimed.3
2 In this paper torsion is measured using a Fick co-ordinate system.
The direction of a change in monocular torsion is specified using the
upper pole of the vertical meridian of the iris—rotation of this pole
inwards (medially) is called intorsion, rotation outwards (laterally) is
called extorsion. Binocular torsion is described in terms of cyclover-
sion (half the sum), and cyclovergence (half the difference) computed
from left and right eye torsion.
3 Similarly, Ferman, Collewijn & Van den Berg (1987a) and Fer-
man, Collewijn & Van den Berg (1987b) made extensive measure-
ments of monocular torsion with scleral coils. Torsion was relatively
stable for a given fixation; however, successive measurements made
while viewing the same target were very variable.
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Subsequently Enright (1990) reported that binocular
torsional instability was smaller and more systematic
than monocular instability. Video recordings from five
subjects were used to evaluate long-term stability of
torsion measured simultaneously for each eye at 1 s
intervals during about 30 sequential fixations (5 s dura-
tion) on the same target. Eye movements were deliber-
ately ignored for 1 s immediately following each
saccade because of the evidence from Enright (1986)
that post-saccadic torsion typically differs from subse-
quent steady-state torsion. For each eye separately, the
SD of torsion averaged about 18 min of arc; some of
this variation was conjugate cycloversion, but the SD of
cyclovergence averaged 17 min of arc. The overall
variability was partitioned into within-fixation and be-
tween-fixation components by analysis of variance, re-
vealing that most of the variation was due to
differences between fixations (average SD 15 min of
arc). Between-fixation variability in cyclovergence typi-
cally involved long-term trends (low frequency drift)
over the recording session.
Van Rijn, Van der Steen & Collewijn (1994) empha-
sised that within-fixation cyclovergence is more stable
than the associated cycloversion. Binocular eye move-
ments were measured using scleral coils while subjects
viewed a fixation point for 32 s in each trial. Sponta-
neous torsional movements were largely conjugate: cy-
clovergence was much more stable than cycloversion.
Furthermore, stability of cyclovergence was improved
by superimposing a large random-dot background pat-
tern on the fixation point; stability of cycloversion was
unaffected. The authors therefore suggested that the
difference in stability might reflect the greater impor-
tance of relative binocular torsional correspondence, as
opposed to absolute torsional position.
1.3. Aims and o6er6iew
According to at least one recent study of torsion
associated with saccades as reviewed above, vergence-
dependent torsion patterns are idiosyncratic, varying
considerably between subjects; however, these individ-
ual differences are stable for each subject, and should
therefore be repeatedly observable over time. In addi-
tion, it is now well established that seemingly random
torsional variations occur continually, even during fixa-
tions on targets that are not moving or changing in any
way. Furthermore, the torsional state of the eye de-
pends not only on the direction in which it is looking,
but also on previous eye movements: saccades produce
systematic changes in torsion which depend on the
previous fixation direction (torsional hysteresis). These
random and systematic variations, coupled with the
idiosyncrasies mentioned above, may at least partly
explain the current controversy regarding saccadic ver-
gence-dependent torsion. However, the extent to which
these findings generalise to eye movements involving
smooth changes in vergence is unknown.
The purpose of the experiment described in this
paper was to examine the variation of torsion during
smooth vergence changes produced by a modification
of the asymmetric vergence paradigm used by
Nakayama (1983) in which a fixation target is driven
along the line-of-sight of the right eye while the left eye
moves to produce smooth changes in vergence that
maintain binocular fixation. This paradigm does not
assume that the displacement planes coincide at optical
infinity—only changes in torsion are measured, rather
than absolute values. (Note that it is not necessary to
measure Listing’s plane to estimate the disputed ‘con-
stant’ k ; it is simply necessary to measure changes in
torsion during vergence.)
Variation within experimental trials is of two sorts:
small (apparently random) variation as seen during
fixation on immobile targets, and large systematic vari-
ation associated with vergence changes. However, the
studies reviewed above suggested the need to investigate
several related effects:
 variation of torsion between trials performed under
identical conditions;
 variation of torsion between experimental sessions
several weeks apart;
 variation of torsion according to the direction of
motion of the fixation target;
 individual differences (variation of torsion between
subjects).
The experiment was based on a repeated measures
design which examined the dependence of torsion on
direction of vergence change. (Convergence was pro-
duced by inward motion of the fixation target; diver-
gence by outward target motion.) Particular attention
was paid to idiosyncratic variations between the tor-
sional patterns shown by different subjects. For com-
pleteness, the entire experiment was performed twice,
with experimental sessions several weeks apart, to ex-
amine changes in torsion patterns over time. To sim-
plify the description only one viewing elevation (15°)
is considered in this paper; the effects of changing
elevation are reported separately by Porrill, Ivins &
Frisby (submitted).
2. Methods
This section describes the subjects, apparatus, design
and method (which relies on a video-based eye-tracking
system to measure torsion).
2.1. Subjects
There were five subjects, all males aged between 21
and 39; a complete orthoptic examination was per-
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formed on each. Four of the subjects (JP, PD, PW and
SH) had normal visual acuity. The other subject (JI)
had excellent near acuity at 1:3 m but was slightly
myopic, having reduced far acuity at 6 m (6:12 instead
of 6:6) which improved to normal with refractive cor-
rection; the correction was not present for the remain-
der of the orthoptic examination or the experiment.
(Spectacles cannot be worn during the experiment be-
cause they interfere with measurements of eye move-
ments obtained from video images.)
All subjects had normal stereo acuity (60 s of arc) or
better, measured using the TNO test at 40 cm. Like-
wise, all subjects had normal control of fusional ver-
gence, induced by the addition of base out (convergent)
and base in (divergent) prisms. Symmetric convergence
measured using the Royal Air Force ruler was also
normal in all subjects (binocular, with good control to
6 cm).
None of the subjects showed strabismus in cover-un-
cover tests at near and far viewing distances. An alter-
nate cover test revealed that JI, JP and PD had small
heterophorias but these were all within normal limits
(less than four prism dioptres). Horizontal, vertical and
torsional phoria assessed using a synoptophore were
normal in all nine eye positions. (The responses were
relatively more convergent than in free space; however,
this can be attributed to the well-documented proximal
convergence induced by the apparatus.) None of the
subjects complained of a cyclodeviation in any viewing
position.
Hess chart examinations were normal for all subjects;
however, for elevated oblique positions both JP and PD
appeared to show a very slight underaction of the left
superior rectus (which is important in generating tor-
sion). Subtle muscle underactions which cause no symp-
toms are reasonably common, especially as the age of
the subject increases. However, the muscle sequelae
which normally accompany this weakness were not
present in either subject; the apparent underactions may
therefore have been artefacts.
In summary, all five subjects were within normal
limits for orthoptic examinations, with good visual and
stereo acuity, good ocular alignment, and good muscle
control.
2.2. Apparatus
The apparatus shown in Fig. 1 was based on a metal
frame bolted to the floor and walls of the laboratory to
minimise vibration and other movements. The frame
was large enough for the human subject to sit inside,
and also enclosed a rigid pole that projected away from
the head of the subject. Each end of this pole was
mounted on a sturdy adjustable tripod which allowed
the pole to be tilted to 15°, and carefully aligned
with the line-of-sight of the right eye (see below). The
subject was immobilised in the apparatus using a cus-
tomised bite bar made from a solid aluminium plate
coated with dental plastic in which an impression of the
teeth was made. The head was kept in the ‘upright’
position by placing the forehead on a headrest while
biting on the dental mould. All components of the
apparatus were painted black, and the entire frame was
covered in black cloth to eliminate external light, giving
complete control over viewing conditions.
Vergence-dependent torsion was studied by asking
the subject to fixate on a target, consisting of a black
cross on a white rectangle 3 cm square, moving along
the rigid pole. The fixation target was driven at con-
stant velocity between 25 and 250 cm from the right eye
by a motor and pulley system, covering the 225 cm in
15 s. As a result of the constant target velocity, the
rates of vergence and version change in each eye ranged
between a minimum of 0.05, and a maximum of 3.75°:s,
approximately.4 These ‘per eye’ changes operated in the
same direction for the left eye, and in opposite direc-
tions for the right eye (cancelling out). The right eye
therefore did not move horizontally or vertically but
instead maintained a constant fixation direction in all
trials of the experiment regardless of the vergence state;
in contrast, the left eye moved to maintain binocular
fixation.
A video camera was positioned in front of each eye,
as close to frontoparallel as possible, without occluding
the binocular view of the target seen by the subject. The
cameras were elevated with the pole along which the
target moved; however, to minimise vibration these
Fig. 1. Apparatus. This diagram shows two (schematic) views of the
apparatus used to measure the variation of torsion during asymmetric
vergence. The human subject was immobilised by a bite bar near
which two video cameras were situated—one for each eye. A rigid
pole projected between the cameras along the line-of-sight of the right
eye from a depth of 25–250 cm (not drawn to scale) at 15°
elevation. A fixation target (not shown) was driven along this pole.
4 Consider the contribution to vergence and version made by each
eye separately during the asymmetric vergence task. The right eye can
be regarded as contributing equal amounts to version and vergence in
opposite directions; hence it remains stationary. In contrast the left
eye can be regarded as contributing equal amounts to version and
vergence in the same direction; hence it moves.
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Table 1
Experimental design
1 2Session
Inwards Inwards OutwardsOutwardsMotion
2 3 4Trial 1 2 3 4 5 51 2 3 4 5 1 2 3 4 5 1
25 Trials25 Trials25 Trials25 TrialsFive subjects
Each of five subjects (JI, JP, PD, PW and SH) observed five trials of the experiment for each direction of motion (inwards and outwards), repeated
in two sessions (1 and 2) several weeks apart. The experiment is thus a pure repeated measures design with three factors: session (with two
conditions); direction of vergence (two conditions); and trial (five conditions). Torsion measurements were obtained independently from the left
and right eyes of each subject.
components were not in physical contact with each
other. The target was carefully aligned with the line-of-
sight of the right eye by asking the subject to line up
cross-hairs at each end of the pole. Fixed horizontal
and vertical lines on the far wall of the apparatus were
used as reference points for the alignment procedure.
Finally, the viewing arrangements were checked by
asking the subject to fixate the target monocularly
during a complete inward and outward motion se-
quence, using each eye in turn.
2.3. Design
A viewing elevation of 15° was chosen since pilot
work showed that this angle gives easily measured
torsion changes in both the left eye and the (otherwise
immobile) right eye. A three-factor repeated measures
design was used (Table 1) in which each of the five
subjects performed the asymmetric vergence task ten
times on each of two occasions several weeks apart.
The direction of motion of the fixation target alternated
over the ten trials, moving inwards during the first trial,
then outwards during the next trial, and so on (the
order was reversed during the second experimental
session). This design gave a total of five trials per
subject in each of the four main conditions.
2.4. Measuring eye mo6ements
Each trial lasted approximately 15 s during which
about 75 video images were acquired, giving a mean
temporal sampling rate of about 5 Hz. (There was a 15
s pause between each trial, allowing the subject to blink
and rest.) The total recording time was therefore ap-
proximately 155 (trials)2 (directions)2 (ses-
sions)300 s or 5 min per subject, giving 1500 s or 25
min in total. Approximately 15005 (frame-rate)2
(eyes)15000 images were analysed.
Eye movements were measured using the video-based
eye-tracking system developed by Ivins, Porrill &
Frisby (submitted); this system measures torsion associ-
ated with small horizontal and vertical eye movements
to within 0.1° from video image sequences. The system
is based on a modification of the polar cross-correlation
technique developed by Moore, Curthoys & McCoy
(1991) and Moore, Haslwanter, Curthoys & Smith
(1996) in which arc-shaped patterns of iris texture from
each image in a sequence are compared with a stored
reference pattern from the first image. The original
technique requires the iris muscle to be immobilised
with a pupil-constricting drug which causes temporary
blurred vision. However, this is not appropriate in the
present context because the drug may affect other
aspects of vision such as the coupling between vergence,
accommodation, and pupil size. The new system there-
fore uses a deformable model of the iris, driven by
non-linear least-squares minimisation, which allows it
to cope with pupil expansion and contraction.
Throughout every trial of the experiment measure-
ments were made of horizontal and vertical eye posi-
tion, torsion, and pupil size. However, only torsion
measurements are reported in detail because the other
measurements were found to be of little interest in the
present context, other than in helping to eliminate
possible deficiencies in the experimental paradigm. Tor-
sion was measured in Fick co-ordinates with the con-
vention that positive rotations were clockwise in the
image, representing intorsion in the right eye and extor-
sion in the left. Measurements from the left eye were
sometimes negated for graphical purposes, so that (for
both eyes) positive rotation represented intorsion. The
correct interpretation is specified in the appropriate
figure captions.
2.5. Computing cyclo6ersion and cyclo6ergence
Theoretically, the measured left L and right R eye
torsion can be decomposed as follows:
L lN(0, sL2 ) RrN(0, sR2 )
Here l and r are the actual torsion angles, and sL and
sR are the standard deviations of the corresponding
measurement errors which are assumed to have zero-
mean normal distributions. Some authors, such as Van
Rijn, Van der Steen & Collewijn (1994), compute cy-
cloversion S and cyclovergence G as:
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S
LR
2
GLR
Assuming sR and sL are approximately equal (which
seems reasonable given the uniformity of monocular
residual errors described in Appendix A) then the corre-
sponding errors in the above cycloversion and cyclover-
gence components are as follows:
S
lr
2
N(0, sS2)[sS
sR

2

sL

2
G lrN(0, sG2 )[sG
2sR
2sL
There is thus a factor of two, difference between the
standard deviations of the measurements errors for
these two quantities, such that G is more noisy than S.
This bias is important when comparing the stability of
cycloversion and cyclovergence; more appropriate for-
mulae are:
S
LR
2
G
LR
2
These formulae have identical measurement error distri-
butions and are therefore used throughout this paper.
3. Results
The graphs in Fig. 2 show monocular torsion of both
eyes during smooth asymmetric vergence in response to
sets of five trials each of inward and outward target
motion on two separate occasions. Measurements are
shown for only four of the five subjects; measurements
from the omitted subject (PW) are shown in Appendix
A (Fig. 10). For each subject, individual torsion pat-
terns (trials) for left or right eyes are similar within each
condition, as are corresponding graphs for the two
sessions of the experiment. However, several of the
subjects, particularly JI and PD, appear to show sys-
tematic differences according to the direction of target
motion; the graphs in Fig. 3 show corresponding binoc-
ular torsion patterns from these two subjects.
This section uses statistical techniques to examine
whether or not monocular and binocular torsion mea-
surements are consistent between experimental trials
and sessions, and between motion conditions (conver-
gence or divergence).
The eye tracking system produced large quantities of
torsion data which were compressed into a form suit-
able for analysis before statistical tests were performed.
Torsion measurements were ‘aligned’ by subtracting the
mean from each trial. This was necessary because abso-
lute torsion cannot be recovered using the eye-tracking
system; torsion is always measured relative to the un-
known state of the eye in the first image of a sequence.
Aligned torsion measurements from each trial of the
experiment were approximated with a curve specified
using three parameters a, b and c as described in
Appendix A. Only two of these parameters, b which
measures the gradient of torsion against fixation dis-
tance (linearity), and c which measures the correspond-
ing curvature, are used in the statistical tests which
follow. Due to the alignment proceedure the ‘offset’
parameter a carries no useful information and is there-
fore ignored. The least-squares approximations
matched the torsion data to within about 0.1° root-
mean-squared (RMS) error, which is comparable with
the accuracy of the eye-tracking system.
3.1. Group monocular and binocular comparisons
The first statistical analysis compared measurements
of torsion obtained from all five subjects in the different
experimental conditions. Data for the left and right
eyes were analysed separately. For each eye there were
two (useful) parameters summarising the torsion pat-
tern for each trial, so a total of four three-factor
repeated measures ANOVAs were carried out (left eye,
parameter b ; left eye c ; right eye b ; right eye c). The
outcomes of these tests were all the same—there were
no significant differences between the various experi-
mental conditions.5
By way of example, the results of three-factor re-
peated measures analyses of variance using the curva-
ture parameter c from five trials each of inward and
outward target motion in the two sessions can be
summarised as follows: for the left eye the trial factor
produced the largest test ratio F(4, 16)1.08 with
P0.400; for the right eye the session-by-trial interac-
tion produced the largest test ratio F(4, 16)1.31 with
5 For tests involving the trial factor, which has five conditions
(rather than two), both the Greenhouse-Geisser and Huynh-Feldt
epsilons were used (where appropriate) to reduce the degrees of
freedom for the F ratio. However, in no instance did this alter the
outcome of a test—neither the adjusted or unadjusted values were
significant. For simplicity, unadjusted results are therefore given for
all tests.
Fig. 2. Monocular torsion patterns. These graphs show monocular torsion in response to target motion in to and out from the right eye at 15°
elevation on two occasions (labelled day 1 and day 2). For both eyes positive rotation corresponds to intorsion. Graphs are shown for four
subjects (JI, JP, PD and SH). Individual graphs (sets of five trials) for a particular eye (left or right) are similar for each direction of motion;
however, there are systematic differences between inward and outward conditions. For example, JI shows different torsion in response to inward
motion (almost flat for the right eye) and outward motion (almost 1° for the right eye). Similarly, the right eye of PD shows almost linear torsion
during outward motion, but a slightly curved response to inward motion. There are no obvious differences between corresponding graphs from
the two sessions.
J.P. I6ins et al. : Vision Research 39 (1999) 993–10091000
Fig. 3. Binocular torsion patterns. These graphs show cycloversion and cyclovergence in response to inward and outward target motion during
two experimental sessions (labelled day 1 and day 2). Positive cyclovergence indicates relative intorsion. Graphs are shown for the two subjects
(JI and PD) who exhibited the most variation in monocular torsion. Individual cycloversion and cyclovergence graphs (sets of five trials) for each
direction of motion are similar between sessions; however, there are systematic cycloversion differences between inward and outward conditions.
For example, in both sessions JI shows 2° of cycloversion during convergence (in) but only 1° during divergence (out). In contrast, cyclovergence
patterns are much less dependent on direction of motion. Furthermore, cycloversion patterns are visibly different between subjects whereas
cyclovergence patterns are similar between subjects.
P0.308. The only statistically significant results were
the between subjects comparisons, which suggested that
individual differences are important: F(1, 4)47.66
with P0.002 for the left eye, and F(1, 4)8.55 with
P0.043 for the right eye.
A similar analysis was performed using the cyclover-
sion and cyclovergence patterns. By way of example,
using the curvature parameter c for cycloversion the
trial factor produced the largest test ratio F(4, 16)
1.24 with P0.333; similarly, for cyclovergence the
direction of motion factor gave F(1, 4)4.69 with
P0.096. As with the corresponding monocular analy-
ses, the only statistically significant results were the
between subjects comparisons, which suggested that
binocular torsion patterns are idiosyncratic: F(1, 4)
7.61 with P0.051 for cycloversion, and F(1, 4)
121.86 with P0.000 for cyclovergence.
In summary, analysis of variance presents no evidence
to suggest that, during smooth asymmetric vergence, the
torsion patterns for the group of five subjects varied
significantly between inward (convergence) and outward
(divergence) target motion, nor did these patterns vary
significantly between trials or experimental sessions
(Fig. 2). Likewise, there is no evidence to suggest that
group cycloversion or cyclovergence patterns varied
significantly between trials, experimental sessions, or
convergence and divergence conditions (Fig. 3). How-
ever, individual differences are clearly important.
The very highly significant cyclovergence difference
between subjects reflects the clarity of these patterns,
which show very little ‘noise’ and very little variation
between experiment conditions; as a result, even a small
difference between subjects is detectable. In contrast,
although there are clearly visible cycloversion differ-
ences between subjects, these differences are obscured
by the other sources of variation in the measurements.
In other words, as Bruno & Van den Berg (1997)
suggested, a group analysis does not capture the subtle
but consistent differences between subjects; a more
detailed individual analysis is therefore necessary.
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Fig. 4. Binocular torsion as a function of vergence. These graphs show the data from Fig. 3 plotted as a function of required vergence. Positive
cyclovergence indicates relative intorsion. The cyclovergence patterns are approximately linear, as predicted by the theoretical models; however,
this is not always the case for cycloversion. For example, the cycloversion patterns from PD are approximately quadratic during outward target
motion.
3.2. Indi6idual monocular and binocular comparisons
for motion
Following the work of Enright (1990), inspection of
the torsion patterns suggested that the response to
inward and outward motion was different for some
subjects. (In particular, consider the measurements
from the right eyes of JI and PD in Fig. 2). However,
the results of the group ANOVAs did not reflect these
differences, presumably because they were obscured by
inter-subject differences when the data were analysed
together. Some subjects appear to show more torsion
during inward rather than outward target motion; other
subjects show the reverse trend, or show no differences
between the two conditions.
Tables 2 and 3 summarise the results of more de-
tailed statistical comparisons for individual subjects
using sets of inward and outward motion trials. Each
table is divided into two subsections either for the left
and right eyes (Table 2) or for cycloversion and cy-
clovergence (Table 3). There is one column for each of
the five subjects; each column contains the t values and
associated probabilities from four paired samples t-tests
(for correlated groups) using the least-squares parame-
ters b and c from the five trials of inward and outward
motion observed by that subject in the first session of
the experiment.6 Similar results were obtained using
data from the second session, lending support to the
view that torsion patterns are relatively stable over
time. Furthermore, equivalent results were obtained
using non-parametric Wilcoxon matched-pairs signed-
ranks tests.
In Table 2 four subjects (JI, JP, PD and SH) show
significantly different monocular torsion responses ac-
cording to the direction of vergence. The results are
particularly striking for JI, with no right eye torsion
during inward motion (Fig. 2), but about 1° in response
to outward motion. Only PW shows no torsion differ-
ence between vergence conditions. The fact that four of
the five subjects show significant differences between
sets of trials clearly suggests that monocular torsion
6 Each table therefore summarises the results of 5 (subjects)2
(eyes)2 (parameters)20 tests. Assuming a probability PB0.05 to
be significant there should be one false significant result (type I error)
even if there are no differences between the data sets.
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Table 2
Individual monocular comparisons for convergence and divergence
Left eye JI JP PD PW SH
4.04 0.53t for b 4.18 0.48 3.06
0.0140.6390.0020.6080.003P for b
1.021.616.96t for c 0.440.14
0.000 0.142 0.336P for c 0.891 0.673
Right eye
3.33 2.42t for b 5.89 1.82 2.29
0.101P for b 0.0480.009 0.039 0.000
6.67 4.32t for c 3.46 0.66 0.49
0.002 0.6330.000 0.526P for c 0.007
This table shows the results of paired samples t-tests to compare
monocular torsion patterns as the fixation target moves inwards and
outwards at 15° elevation. For each parameter (b or c) the first row
shows the t value and the second row shows the associated probabil-
ity P. Measurements of torsion from sets of five trials in each
direction (giving four DoF) were compared; all significant probabili-
ties (11 out of 20) are highlighted.
Table 3
Individual binocular comparisons for convergence and divergence
PWPDJP SHJICycloversion
1.05t for b 3.85 3.061.49 5.14
0.321P for b 0.004 0.169 0.0140.001
0.35 2.29t for c 7.38 2.55 1.99
0.031 0.7370.078 0.0480.000P for c
Cyclovergence
1.85t for b 3.25 1.60 1.22 0.07
0.144 0.2530.010 0.9490.098P for b
0.43 1.101.57t for c 0.651.91
0.298P for c 0.088 0.531 0.151 0.679
This table shows the results of paired samples t-tests to compare
binocular torsion patterns. Measurements of cycloversion or cyclover-
gence from sets of five trials in each direction (four DoF) were
compared; all significant probabilities (7 out of 20) are highlighted.
gence it is also useful to plot binocular torsion as a
function of vergence to see whether these components
have a simple linear relationship with horizontal ver-
gence. A detailed analysis will be given by Porrill, Ivins
& Frisby (submitted); by way of example, however, Fig.
4 is included for comparison with Fig. 3. Cyclovergence
and horizontal vergence have a simple, approximately
linear relationship as predicted by the two theoretical
models described in the introduction; however, this is
not the case for cycloversion or monocular torsion.
3.4. Torsion parameter charts
Figs. 5 and 6 show mean values (over five trials from
each of two sessions combined) of the linear b and
curvature c parameters from the least-squares approxi-
mations to monocular torsion patterns during conver-
gence and divergence. The left and right eyes exhibit
torsion in different directions—intorsion during con-
vergence and extorsion during divergence; hence, the
corresponding parameter values tend to have opposite
signs, especially in Fig. 6. The linear parameter is much
patterns depend on the direction of target motion and
hence on the direction of vergence change.
In Table 3 only one subject (JP) shows cyclovergence
differences (and only for parameter b); in contrast, four
subjects (JI, JP, PD and SH) show cycloversion differ-
ences. In particular, the binocular measurements from
JI and PD, who show the most variation in monocular
torsion, reveal highly significant variation in cyclover-
sion; the corresponding cyclovergence patterns are
much less variable as shown in Fig. 3.
3.3. Relationship between binocular torsion and
6ergence
Fig. 3 shows binocular torsion as a function of
fixation distance, or equivalently as a function of time
(since the target moved at constant velocity). Torsion
time series were plotted since this format clearly reflects
the methods used to obtain the measurements. How-
ever, in the evaluation of the cycloversion and cyclover-
Fig. 5. Monocular linearity. These graphs show mean linear parameter b values describing torsion patterns for the left and right eyes of each
subject during to inward and outward motion. Comparisons using left eye (t0.85, P0.441 with four DoF) and right eye (t1.48, P0.212)
data revealed no significant group differences between convergence and divergence conditions. Of course, there are obvious differences between
subjects.
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Fig. 6. Monocular curvature. These graphs show mean curvature parameter c values describing torsion patterns for the left and right eyes during
inward and outward motion. Comparisons using left eye (t0.46, P0.670 with four DoF) and right eye (t0.08, P0.943) data revealed no
significant group differences between convergence and divergence conditions. There are sign differences between the left eye and right eyes which
undergo torsion in different directions, and there are also differences between subjects.
more variable than the curvature parameter, and there
are obvious differences between subjects.
Figs. 7 and 8 show equivalent mean parameter val-
ues from the least-squares approximations to cyclover-
sion and cyclovergence during convergence and
divergence. Cycloversion patterns and corresponding
mean parameter values (LHS of Figs. 7 and 8) are very
variable, both between subjects and between inward
and outward motion conditions. In contrast, cyclover-
gence patterns and corresponding mean parameter val-
ues (RHS of Figs. 7 and 8) are much more consistent.
As explained in Appendix A (Eq. (A4) and subse-
quent text), the curvature parameter values for the
right eye give a rough estimate of the disputed k value
from the kinematic models of vergence-dependent tor-
sion reviewed in the Introduction. The values in Figs. 6
and 8 vary between subjects from a minimum of 
0.25 (JI inwards) to a maximum of 1.0 (PW outwards),
approximately. Unfortunately, these values must be
treated with caution since the curvature estimates are
confounded with the linear gradient estimates (the val-
ues in Figs. 5 and 7) in the least-squares approxima-
tions, hence the negative value. Nevertheless, the need
for linear components in the torsion-distance approxi-
mations emphasises the inadequacy of existing models
for predicting monocular torsion and cycloversion.
If either of the kinematic models of vergence-depen-
dent torsion were actually used by the human visual
system then all of the torsion-vergence plots in Fig. 4
would be linear; likewise, none of the torsion-distance
plots in Figs. 2 and 3 would have linear components.
In practice, however, there are idiosyncratic deviations
from these predictions, at least in monocular torsion
and cycloversion. Thus, as in the experiment of Bruno
& Van den Berg (1997), variations between the ocular
control strategies shown by different subjects are ap-
parently large enough to account for the different sets
of vergence-dependent torsion measurements in the
studies by Mok, Ro, Cadera, Crawford & Vilis (1992)
where k1:3, Van Rijn & Van den Berg (1993) where
k1, and Minken & Van Gisbergen (1994) where
k1:2.
In summary, cycloversion and monocular torsion
patterns are clearly variable between convergence and
divergence conditions; however, these low-frequency
variations are non-systematic between subjects, and so
cannot be detected using group tests. (Monocular tor-
sion and cycloversion patterns show idiosyncratic vari-
ations which differ in both size and direction so that
pooling subjects obscures the differences.) In contrast,
cyclovergence patterns are much more consistent both
within trials and sessions, and between motion condi-
tions; nevertheless subtle (but very highly significant)
low-frequency differences in cyclovergence are appar-
ent between subjects. Compared with cycloversion and
monocular torsion patterns, cyclovergence patterns are
very stable and contain relatively little high-frequency
variation, as demonstrated in Appendix A.
4. Discussion
The monocular torsion results from the asymmetric
vergence task with the right eye at 15° elevation can
be summarised as follows:
 Within each trial of the experiment there were con-
tinuous (seemingly random) torsional variations over
about 90.5°, similar to those reported by Enright
(1986) and Van Rijn, Van der Steen & Collewijn
(1994) for static fixations.
 All five subjects showed vergence-dependent torsion
in the (otherwise immobile) right eye. For each
subject, averaging over the five trials within each
experimental condition revealed a trend of intorsion
during convergence and extorsion during divergence.
 There were significant departures from current mod-
els of vergence-dependent torsion, as demonstrated
for example by the presence of obvious linear com-
J.P. I6ins et al. : Vision Research 39 (1999) 993–10091004
Fig. 7. Binocular linearity. These graphs show mean linear parameter b values describing the binocular torsion patterns shown by each subject
during inward and outward motion of the fixation target. There was no significant difference in group cycloversion linearity between convergence
and divergence conditions (t1.17, P0.307 with four DoF); however, cyclovergence linearity did vary significantly (t3.31, P0.030). The
mean values of the cyclovergence gradient were 0.233 (inwards) and 0.151 (outwards).
ponents in some torsional time series; these devia-
tions are clearly shown by Figs. 5 and 7.7
 There were no significant group differences between
torsion measurements obtained under similar condi-
tions but in different experimental sessions or trials.
Most importantly, the monocular torsion patterns
revealed significant differences between subjects, and
four of the five subjects showed significant differences
in response to inwards versus outwards motion of the
fixation target (the convergence and divergence condi-
tions). These differences were repeatable between exper-
imental sessions performed several weeks apart. A
combination of these effects may help to explain the
inconsistent results from previous studies of vergence-
dependent torsion.
Individual subjects show large systematic low-fre-
quency differences in cycloversion and monocular tor-
sion patterns between convergence and divergence;
however, these differences are inconsistent between sub-
jects, and so are obscured in a group analysis. Further-
more, these patterns show obvious deviations from the
predictions made by the kinematic models of vergence-
dependent torsion (for example, the non-zero values of
the linear parameter). In contrast, there are small low-
frequency differences in cyclovergence between subjects;
however, the cyclovergence patterns contain much less
high-frequency noise than the cycloversion and monoc-
ular torsion patterns, hence the significant group statis-
tical test in Fig. 7. Linear parameter values are much
smaller for cyclovergence than for cycloversion or
monocular torsion, hence the variation in binocular
torsional difference agrees closely with the models of
vergence-dependent torsion, at least for this viewing
elevation.
4.1. Comparison with pre6ious studies
Until recently, torsion changes associated with
smooth eye movements had not been studied in detail.
This was at least partly due to the experimental
difficulties involved in measuring torsion. For example,
Enright (1990) was restricted to studying torsional dif-
ferences between saccades because it is difficult and
time consuming to analyse long sequences of video
images ‘by hand’. Similarly, the various studies of
torsion based on scleral coils suffer from limited record-
ing time within each trial of an experiment because
ideally the subject must not blink otherwise the coils
may slip.
The results of this study are consistent with those
reported by Enright (1986) and Van Rijn, Van der
Steen & Collewijn (1994), and suggest that the human
eye exhibits up to 90.5° of relatively high-frequency
torsional variation (video images were captured at ap-
proximately 5 Hz) even when not moving horizontally
or vertically. These findings apparently contradict List-
ing’s law and the two models of vergence-dependent
torsion, though this interpretation depends on the accu-
racy with which these constraints are expected to be
obeyed. (The deviations observed in this study are
certainly large enough to interfere with stereo process-
ing.) Furthermore, the fact that an otherwise immobile
eye can exhibit such behaviour casts doubt on the
accuracy of torsion measurements obtained using low-
frequency sampling methods such as photographs as in
the asymmetric vergence experiment reported by
Nakayama (1983). Torsion measurements will be unre-
liable unless the sampling rate is rapid enough, or the
7 If either of the torsion models were obeyed properly then the
relationship between torsion and fixation distance would be well
approximated using just the curvature parameter c from Appendix A
(equivalent to a linear torsion–vergence relationship). In practice it is
almost always necessary to include a linear parameter b too (equiva-
lent to a non-linear torsion-vergence relationship). Likewise, when
modelling the direct relationship between torsion and vergence a
simple linear fit (as required by the models) is not accurate enough to
capture the variability in monocular torsion and cycloversion seen in
Figs. 2 and 3, though it is adequate for cyclovergence.
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Fig. 8. Binocular curvature. These graphs show mean curvature parameter c values describing the cycloversion and cyclovergence patterns during
inward and outward target motion. There was no significant difference in group cycloversion curvature between convergence and divergence
conditions (t0.19, P0.857 with four DoF); likewise, there was no significant difference for cyclovergence (t2.17, P0.096).
sample size is large enough (Enright, 1990), to capture
the high-frequency variability of monocular torsion;
otherwise, there is no way to establish a ‘zero torsion’
baseline for comparing measurements.
4.2. Fixation effects
The asymmetric vergence task involved smooth ver-
gence changes produced by a fixation target moving at
constant velocity between 25 and 250 cm depth in
approximately 15 s. As a result, the rate of change of
vergence (and version) in each eye varied between 0.05
and 3.75°:s over the 12.5° range of left eye motion,
approximately. Uniform target motion was used, rather
than uniform change in vergence, because it is much
easier to generate in an experimental context. Further-
more, uniform target motion is a more natural stimulus
than uniform changes in vergence—for example, ver-
gence changes generated by walking towards a fixation
point will be very similar to those produced by the
fixation target moving inwards at constant velocity.
The data analyses assume that torsion is related to
target distance, and hence to fixation distance; however,
Section 3 contains no measurements of horizontal and
vertical eye position. These distances might therefore be
rather different from each other, particularly during
large vergence angles, if subjects were not always fixat-
ing the target accurately. In pilot work this was thought
to be a possibility given the fact that the entire move-
ment took 15 s. However, the angles used here are not
particularly large (fixation at 25 cm is trivial) and the
rate of vergence change is never very fast. Nevertheless,
to eliminate this possibility measurements of horizontal
and vertical eye position were made during all trials of
the experiment. These measurements were subsequently
checked to assess whether or not subjects were fixating
correctly.
None of the experimental trials revealed any evidence
to suggest that subjects were not fixating on the moving
targets. By way of example, Fig. 9 shows the horizontal
and vertical eye movements of two subjects (JI and PD)
during five inward motion trials from one session of the
experiment. In both cases the left eye exhibits a great
deal of horizontal movement to produce the required
vergence, with a very small associated vertical move-
ment which is most obvious during near convergence.
The right eye remains stationary in all trials. All five
subjects behaved in a similar way throughout the exper-
iment; hence it appears that fixation distance and target
distance are equivalent in the present context.
Nevertheless, the fact that the target made pre-
dictable movements may have affected the results; how-
ever this type of experimental flaw would be expected
to produce systematic differences between the first (un-
familiar) and last (familiar) trials. None of the statisti-
cal analyses showed such effects. Furthermore, even if
the predictable nature of the stimulus did affect the
results, it is an experimental ‘constant’ present in all
trials from both sessions, and so does not undermine
many of the comparisons made in the data analysis.
4.3. Functional significance
The biological purpose of vergence-dependent tor-
sion is unknown; however, torsional variability affects
relative retinal disparities, and is therefore of potential
importance for stereopsis. Nakayama (1983) suggested
that extorsion during divergence would increase the
backward tilt of the vertical horopter, which would be
useful in fusing a line in the sagittal plane that is
directed towards the feet (such as the groundplane).
Conversely, a given change in the torsional difference
(cyclovergence) between the eyes will alter disparity to
an extent proportional to retinal eccentricity, and there-
fore a vertical line in the sagittal plane should appear to
tilt forwards or backwards relative to the observer.
Temporal variability in cyclovergence may therefore
impose limits on the reliability with which stereopsis
can be used to evaluate tilt in a sagittal plane (Enright,
1990).
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Fig. 9. Accuracy of fixation. These graphs show the horizontal and vertical eye movements of two subjects (JI and PD) during five inward motion
trials from one session of the experiment. The left eyes move horizontally to produce the required vergence; there are also small associated vertical
movements, most obvious during close convergence. The right eyes remain stationary in all trials. The predicted vergence is also shown, confirming
that the subjects are fixating very accurately on the moving target.
The observed monocular torsional variability during
asymmetric vergence included obvious high-frequency
components, possibly associated with micro-saccades
(which occur several times per second) and intervening
ocular drift. In addition, the torsional variability in-
cluded low-frequency components which depended on
the direction of vergence. Temporal averaging could
eliminate the high-frequency ‘noise’ associated with
monocular torsion; however, the low-frequency monoc-
ular dependence on previous eye movements could be a
serious perceptual limitation.
When analysed in terms of cycloversion and cyclover-
gence the torsion measurements become much easier to
interpret. Compared with cycloversion (and monocular
torsion), cyclovergence is less noisy, less variable be-
tween subjects, and less dependent on tracking history.
These binocular findings support a variation of Listing’s
law such that the relative torsional state (cyclovergence)
of the two eyes is almost uniquely determined by binoc-
ular fixation, while cycloversion and hence monocular
torsion are much less carefully controlled. As outlined
above, control of cycloversion is not nearly so crucial to
stereo vision as is accurate maintenance of cyclover-
gence, which is important for the metric interpretation
of stereo disparities. The observed better control of
cyclovergence could thus be required for maintenance of
stereo constancy. However, a further examination of
torsion during smooth asymmetric vergence at different
elevations is necessary to determine the exact functional
significance of the torsion patterns observed in this
study, and to establish whether or not these findings are
more generally applicable.
5. Conclusions
Cycloversion and hence monocular torsion patterns
generated by smooth asymmetric changes in vergence
are idiosyncratic and depend on previous eye
movements. These patterns show systematic differences
between convergence and divergence, which are similar
between trials and experimental sessions, but which
vary between subjects. These individual differences may
at least partly explain the controversy regarding
kinematic models of vergence-dependent torsion. In
contrast, cyclovergence patterns are much less idio-
syncratic and much less dependent on previous eye
movements.
These findings agree with recent suggestions (Van
Rijn, Van der Steen & Collewijn, 1994) that control of
relative binocular torsion is more important than
monocular torsional stability, and that this behaviour is
at least partly due to the requirements of stereo
processing. Furthermore, the findings are clearly
relevant to the controversy concerning the relationship
between vergence and Listing’s plane. Although the
data arise from only a single viewing elevation they
show that both models are oversimplified. In particular,
the finding of consistent monocular torsion differen-
ces between subjects agrees with recent work by Bruno
& Van den Berg (1997) and invites further
investigation—more data are required from several
other viewing elevations. The necessary experimental
work will be reported by Porrill, Ivins & Frisby
(submitted).
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Fig. 10. Least-squares approximation to torsion. This figure shows the torsion of the left and right eyes of subject PW during five trials each of
inward and outward target motion. Measurements from each trial are approximated independently with a parametric curve using least-squares
methods. The approximations (dotted lines) match the original patterns (solid lines) very accurately. For all graphs positive rotation corresponds
to intorsion. Note that torsion values are plotted against fixation distance; graphs for outward motion would be reflected horizontally if the
abscissa unit was time.
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Appendix A. Least-squares approximation
Video-based measurement of smooth eye movements
produces large amounts of data which must be com-
pressed before statistical analyses can be performed.
Each torsion pattern from each trial of the experiment
was therefore approximated using the following curve,
where d is distance (in cm) of the fixation target from
the eye, and a, b and c are (unknown) parameters:
c(d):abd
c
d
255d5250 (A1)
the c:d term is proportional to vergence, and was
obtained from current theoretical models which specify
torsion in terms of elevation and vergence angles (Van
Rijn & Van den Berg, 1993; Minken, Gielen & Van
Gisbergen, 1995). In these models the change in torsion
is given by ke6:2 where e is the elevation angle (in this
case a constant for each trial), and 6 is the changing
vergence which is proportional to the 1:d term (all
angles are in radians). The constant k is either 1 or 1:2
depending on which model is used (Section 1). The bd
term was introduced to cope with measurements such
as those in Fig. 2 from subject PD who produced linear
torsion-distance patterns; without this term the approx-
imations for monocular torsion patterns are less accu-
rate, though the results of statistical tests using the
curvature parameter c are roughly the same.8
Measurements from all N images in a sequence repre-
senting one trial of the experiment can be combined as
follows:
8 Without the linear term, RMS errors were around 0.15° rather
than 0.1°. The corresponding maximum error was 0.35° rather than
0.25°, with both values coming from the left eye of subject PW; the
maximum error for the right eye measurements was 0.28° (PD) rather
than 0.18° (SH).
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Fig. 11. Mean monocular variation. These graphs show mean RMS errors (°) for the monocular torsion patterns shown by each subject during
inward and outward target motion in the first session of the experiment. Comparisons of left eye (t0.40, P0.711 with four DoF) and right
eye (t0.47, P0.665) errors revealed no significant differences in monocular torsion stability between convergence and divergence. Likewise,
there was no significant difference between the mobile left eye and the immobile right eye (t1.74, P0.158 with four DoF using the mean
inward errors from each subject).
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Here d1 is the target viewing distance when the first
image is captured, and so on to dN.
The parameters a, b and c can be found using
least-squares methods:
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Fig. 10 shows typical plots of torsion from one subject
(PW) during five trials each of inward and outward
target motion for the asymmetric vergence task at 15°
elevation, along with the least-squares approximations
to this data.
Once torsion measurements have been compressed
and summarised using least-squares fitting, sets of trials
can be compared by performing statistical analyses
using the gradient and curvature parameters b and c.
The ‘offset’ parameter a cannot be used in these tests
because torsion measurements from each trial are ‘nor-
malised’ by subtracting the mean torsion value over the
sequence. (This is necessary because absolute torsion
cannot be recovered using the video eye-tracking sys-
tem; torsion is always measured relative to the un-
known state of the eye in the first image of each
sequence.) Statistical tests using parameter a are there-
fore meaningless because it carries no useful
information.
Two constants db and dc can also be included in Eq.
(A1) to rescale the values of b and c so that they are
easier to interpret:
c(d):ab
d
db
c
dc
d
(A4)
Choosing db25025225 yields values of parame-
ter b which roughly specify both the gradient of the
linear component of the torsion pattern, and the linear
torsion change over the trial. Similarly, the curvature
parameter c can be more easily related to the disputed
k values from the two models of vergence-dependent
torsion reviewed in Section 1 by setting dce · I:2 Here
e is the elevation in radians (15p:180 in this case) and I
is the interocular separation (typically about 6 cm),
which gives the approximate vergence angle 6 when
divided by the distance in Eq. (A4). As a result, for the
asymmetric vergence paradigm used in this experiment,
the immobile right eye yields torsion patterns such that
c:k. Unfortunately, these values are only roughly
comparable with estimates of the disputed constant
from previous studies because the linear component is
included in the calculation. (For example, the linear
and curvature parameters may have opposite signs
specifying torsion components in different directions
which therefore partly cancel out.) Values of the dis-
puted constant k are examined in more detail for
different viewing elevations by Porrill, Ivins & Frisby
(submitted).
A.1. Mean RMS
Figs. 11 and 12 summarise the RMS errors for the
least-squares parametric approximations to left and
right eye torsion, and cycloversion and cyclovergence
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Fig. 12. Mean binocular variation. These graphs show mean RMS errors (°) for the cycloversion and cyclovergence patterns shown by each subject
during inward and outward target motion in the first session of the experiment. Comparisons of cycloversion (t0.30, P0.778 with four DoF)
and cyclovergence (t2.13, P0.100) errors revealed no significant differences in binocular torsion stability between convergence and divergence.
However, cyclovergence was much more stable than cycloversion (t13.15, P0.000 with four DoF using the mean inward errors).
patterns, during inward and outward motion of the
fixation target. Each value is the mean of five trials from
the first session of the experiment (errors from the two
sessions were very similar). The overall monocular RMS
errors were: left eye mean 0.12°; right eye mean 0.10°.
The overall binocular RMS errors were: cycloversion
mean 0.10°; cyclovergence mean 0.04°. These errors
suggest that the parametric model is a reasonably good
one—the least-squares approximations match the tor-
sion data to within about 0.1°, which is the accuracy of
the hardware and software being used to measure eye
movements. Furthermore, the left and right eyes show
similar ranges of variation in monocular torsion; in
contrast, the errors for cyclovergence are much smaller
than those for cycloversion or monocular torsion. Thus,
as in previous studies of binocular torsion, cycloversion
is much more stable (a factor of two) than cycloversion;
this is not a computation artefact (Section 2).
Equivalent results are obtained from statistical tests
using measurement errors from either the second session
of the experiment, or the trials of outward target motion
(as appropriate).
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